ABSTRACT Changes in cell morphology and the physical forces that occur during migration are generated by a dynamic filamentous actin cytoskeleton. The ADP-ribosylation factor-like 4C (Arl4C) small GTPase acts as a molecular switch to regulate morphological changes and cell migration, although the mechanism by which this occurs remains unclear. Here we report that Arl4C functions with the actin regulator filamin-A (FLNa) to modulate filopodium formation and cell migration. We found that Arl4C interacted with FLNa in a GTP-dependent manner and that FLNa IgG repeat 22 is both required and sufficient for this interaction. We also show that interaction between FLNa and Arl4C is essential for Arl4C-induced filopodium formation and increases the association of FLNa with Cdc42-GEF FGD6, promoting cell division cycle 42 (Cdc42) GTPase activation. Thus our study revealed a novel mechanism, whereby filopodium formation and cell migration are regulated through the Arl4C-FLNamediated activation of Cdc42.
INTRODUCTION
ADP-ribosylation factors (Arfs), small GTP-binding proteins of the Ras superfamily, regulate vesicular transport, membrane trafficking, organelle structure, and cytoskeletal remodeling through activation via guanine nucleotide-exchange factors (GEFs) and inactivation via GTPase-activating proteins (GAPs) (Moss and Vaughan, 1998; Donaldson and Jackson, 2000; Jackson and Casanova, 2000; Takai et al., 2001; Burd et al., 2004; D'SouzaSchorey and Chavrier, 2006) . Arf-like proteins (Arls) exhibit 50-60% amino acid identity with Arfs (Kahn et al., 2006) , and 20 proteins belonging to this subfamily have been identified to date. Owing to their unique structures, including a nuclear localization signal at the C-terminus and a long interswitch region between two switch domains, Arl4s are distinct from other Arfs/Arls (Pasqualato et al., 2002) . Constituting the subfamily, Arl4A, Arl4C, and Arl4D have different expression patterns depending on the developmental process (Schurmann et al., 1994; Jacobs et al., 1999; Lin et al., 2000 Lin et al., , 2002 . Our previous studies showed that Arl4A and Arl4D modulate actin cytoskeleton remodeling and cell migration (Li et al., 2007; Patel et al., 2011) . Recently Matsumoto et al. (2014) reported that expression of Arl4C in normal epithelial cells promotes migration and proliferation, and these authors suggested that Arl4C is involved in epithelial morphogenesis. However, the mechanisms by which Arl4C affects cell morphology and motility remain unclear.
Crucial to many cellular processes, such as embryonic morphogenesis, tissue repair, wound healing, organ development, and tumor metastasis, cell migration is a highly regulated event that is initiated by protrusion of the cell membrane (Lauffenburger and Horwitz, 1996; Friedl and Wolf, 2003) . The Rho GTPase family is considered to play the major role in regulating cell migration and actin reorganization (Heasman and Ridley, 2008) , and the well-studied family member Cdc42 is involved in filopodium formation, which is closely related to cell motility (Fernandez et al., 2013; Melendez et al., 2013) . The changes in cell morphology and physical forces that occur during migration or cell division are generated in part by a dynamic cytoskeleton composed of filamentous actin (F-actin). Indeed, the actin cytoskeleton is intimately involved in both the formation and maintenance of cell shape and morphology in response to various signals or stimuli. One actin-binding protein, filamin (FLN) (Lauffenburger and Horwitz, 1996) , a well-known scaffold protein two-hybrid ( Figure 1F ) or pull-down ( Figure 1G ) assays. These results demonstrate that Arl4C specifically interacts with FLNa in a GTP-dependent manner.
The IgG repeat 22 of FLNa is required for Arl4C-FLNa interaction
To identify residues in the FLNa-R22′ region that are critical for its interaction with Arl4C, 13 mutants of FLNa R22′ (A1-A13), in which five to six amino acids were sequentially substituted by alanine (Figure 2A ), were assessed in yeast two-hybrid assays. Only FLNa R22′-A1, -A3, -A5, -A7, and -A13 were able to interact with Arl4C-Q72L ( Figure 2B ). FLNa-R22′-A2 and FLNa R22′-A10 were then selected for further analysis to determine the importance of certain residues of FLNa in the Arl4C-WT interaction. As presented in Figure  2C , Arl4C was pulled down in vitro by GST-FLNa R22′-WT and GSTFLNa R22′-A2, but was much less so by GST-fused FLNa R22′-A10. Notably, the GST-FLNa R22′-A2 beads pulled down less Arl4C protein than the FLNa R22′-WT beads, suggesting that FLNa R22′-A10 plays a more critical role in the Arl4C-FLNa interaction than FLNa R22′-A2.
Arl4C-FLNa interaction is necessary for filopodium formation
As it has been reported that depletion of Arl4C reduces cancer cell migration Su et al., 2015) , different forms of Arl4C were expressed in HeLa cells to investigate the possible effects of Arl4C on the membrane structure. Figure 3A shows that expression of Arl4C-WT or Arl4C-Q72L induced membrane protrusion structures and filopodium formation, and notably, both Arl4C-WT and Arl4C-Q72L were concentrated at the site of membrane protrusion and colocalized with FLNa. Conversely, Arl4C-T44N was found mainly in the cytosol. In addition, both Arl4C-WT-and Arl4C-Q72L-induced filopodium are highly colocalized with the F-actin probe phalloidin and fascin ( Figure 3 , B and C). These results indicate that Arl4C induces membrane protrusion and filopodium formation and localizes at the plasma membrane in a GTP-dependent manner.
To investigate whether FLNa is involved in Arl4C-induced filopodium formation and cell migration, Arl4C was first transfected into FLNa+ cell lines (isogenic FLNa+ cell line A7) and the FLNa-M2 cell line (FLNa-deficient cells) (Cunningham et al., 1992) . Compared to untransfected cells, overexpression of Arl4C induced the formation of filopodia in the A7 cells ( Figure 4A ) but not in the M2 cells ( Figure  4B ). These results indicate that FLNa is critical for Arl4C-induced filopodium formation. To investigate whether interaction between Arl4C and FLNa is important for the formation of filopodia, we examined M2 cells cotransfected with Arl4C and FLNa-WT, FLNa-A2, or FLNa-A10, respectively. Filopodium formation was rescued by coexpressing Arl4C and FLNa-WT in M2 cells ( Figure 4B ). However, only a few filopodium structures were observed in M2 cells coexpressing Arl4C and FLNa-A2. In contrast, much less filopodium formation occurred in cells coexpressing Arl4C and FLNa-A10. The number of filopodia was significantly reduced in FLNa-A2 and -A10 when compared with FLNa-WT. These results indicate that the Arl4C-FLNa interaction is necessary for filopodium formation.
Arl4C-FLNa interaction is critical for cell migration
The GTP-dependent effect of Arl4C on cell migration was evaluated in a wound-healing assay using HeLa cells overexpressing different forms of Arl4C. The cells expressing Arl4C-WT and Arl4C-Q72L showed higher wound-healing ability, whereas those expressing Arl4C-T44N displayed a migration capacity lower than the vector control group ( Figure 5, A and B) . Arl4C depletion also resulted in that functions in F-actin cross-linking, receptor anchoring, and cell signaling (Zhou et al., 2010; Nakamura et al., 2011) , can mediate dynamic actin remodeling. The FLN family consists of three homologous proteins, FLNa, FLNb, and FLNc (Zhou et al., 2010; Nakamura et al., 2011) , with FLNa being the most abundant and widely distributed in humans. FLNa is composed of an N-terminal actin-binding domain (ABD) followed by 24 immunoglobulin (Ig)-like tandem repeats; dimerization is mediated by IgG repeat 24 located near the C-terminus (van der Flier and Sonnenberg, 2001; Himmel et al., 2003; Seo et al., 2009) . More than 70 cellular proteins, including channels, receptors, signaling molecules, and transcription factors, have been identified as FLNa-interacting partners (Stossel et al., 2001; Zhou et al., 2010; Nakamura et al., 2011) . Although most interact with the C-terminus of FLNa, F-actin mainly interacts with the N-terminal ABD of FLNa to assist in the cross-linking of F-actin into networks of orthogonally branched filaments (Zhou et al., 2010; Nakamura et al., 2011) . By cross-linking cytoskeletal actin into threedimensional networks, FLNa functions as a signaling scaffold and a mechano-sensor of extrinsic shear forces. Many researchers have also reported that FLNa functions as an adaptor protein that links the cell membrane to the cytoskeleton via interactions with transmembrane proteins and cell-surface receptors (Gehler et al., 2009; Lynch et al., 2011; Nakamura et al., 2011) .
In this study, we identified FLNa as a novel effector of Arl4C and found FLNa to be required for Arl4C-induced filopodium formation and cell migration. We show here that FLNa-knockdown results in decreased filopodium formation and cell migration, which can be rescued by expression of wild-type FLNa but not by an FLNa mutant deficient in Arl4C binding. Furthermore, the Arl4C-FLNa interaction promotes Cdc42 activation by increasing the association of Cdc42-GEF FGD6 with FLNa. Our results demonstrate that Arl4C functions with FLNa to modulate the formation of filopodia and cell migration by promoting activation of Cdc42.
RESULTS

Arl4C interacts with filamin-A in a GTP-dependent manner
To identify potential effectors of Arl4C, Arl4C-Q72L, a GTP-bound form of Arl4C, was used as bait to screen a human fetal brain cDNA library in a yeast two-hybrid system. Several candidates were identified, two of which contain a C-terminal fragment (residues 2363-2646) spanning IgG repeat 22 (R22) to IgG repeat 24 (R24) of FLNa. To determine the specific regions of FLNa responsible for its interaction with Arl4C, fragments for different regions of FLNa R22-R24 were generated and their interaction with Arl4C was tested in a yeast two-hybrid assay ( Figure 1A ). Only the FLNa-R22′ region, but not R23 or R24, was found to interact with Arl4C-Q72L ( Figure 1B) , indicating that the FLNa-R22′ region is sufficient for interaction with Arl4C. In addition, FLNa-R22′ was able to interact with Arl4C-WT and Arl4C-Q72L, but not with the Arl4C-T44N mutant defective in GTP binding ( Figure 1C ), suggesting that Arl4C interacts with FLNa R22′ in a GTP-dependent manner.
An in vitro pull-down assay was then used to confirm the interaction between Arl4C and FLNa. As shown in Figure 1D , Arl4C-WT and Arl4C-Q72L, but not Arl4C-T44N, were pulled down by GSTFLNa-R22′. The interaction was also verified by an in vivo coimmunoprecipitation assay in which HeLa cells transiently transfected with Arl4C and its mutants were immunoprecipitated using magnetic beads conjugated with an anti-FLNa antibody. Again, Arl4C-WT and Arl4C-Q72L, but not Arl4C-T44N, were coimmunoprecipitated with endogenous FLNa ( Figure 1E ). In contrast, little or no interaction with the FLNa-R22′ region was observed with the other two Arl4 family members, Arl4A and Arl4D, by either yeast were tested for interaction with Arl4C-Q72L in yeast two-hybrid assays. The levels of proteins expressed by the transforming plasmids were confirmed by immunoblotting. Lamin was used as a negative control. After cotransformation with the indicated plasmids, interactions were verified by growth of the yeast on a synthetic His+ plate and a His− selective plate, followed by filter assays for β-galactosidase activity. Total protein (20 µg) was loaded onto a 10-well gel to detect proteins. (C) Different forms of Arl4C were tested for interaction with the FLNa R22′ region in yeast two-hybrid assays. The levels of protein expressed by the transforming plasmids were confirmed by immunoblotting. Empty vector pBTM116 was used as a negative control. (D) Interaction between WT and the GTPbound form of Arl4C with FLNa was tested by a pull-down assay. Purified GST or FLNa R22′-GST was incubated with lysates of HeLa cells expressing Arl4C-WT, Arl4C-Q72L, and Arl4C-T44N. After binding and washing, bead-bound GST-protein complexes were analyzed by immunoblotting using an anti-Arl4C antibody. SDS-PAGE analysis of the total cell lysate and Arl4C (input) expression by immunoblotting were used to verify the initial expression level. Equal amounts of GST beads were used in each experiment as shown by Coomassie Blue staining. (E) Interaction between Arl4C and FLNa was verified by coimmunoprecipitation. HeLa cells, which possess endogenous FLNa, transiently transfected with the empty vector pSG5 or Arl4C-WT, Arl4C-Q72L, or Arl4C-T44N in pSG5 were lysed and immunoprecipitated with anti-FLNa antibody or irrelevant mouse IgG-conjugated protein G magnetic beads. The bound proteins were separated by SDS-PAGE and subjected to immunoblotting with antibodies against FLNa and Arl4C. To confirm the initial expression level, 2.5% of the total cell lysate (input) was loaded. Equal amounts of FLNa antibody were used in the assays as shown by Coomassie Blue staining of the heavy chain. (F) Wild-type and various mutants of Arl4A, Arl4C, and Arl4D were tested for interaction with FLNa R22′ in yeast two-hybrid assays. Total protein (20 µg) was loaded onto a 10-well gel to detect proteins. (G) The interaction of FLNa R22′ with the Arl4 family was tested by pull-down assays in HeLa cells. SDS-PAGE analysis of total cell lysates and expression of Arl4A/C/D (input) by immunoblotting was used to verify the initial expression level. Equal amounts of GST beads were used in each experiment as shown by Coomassie Blue staining. Figure 7A ). Active Cdc42 was further increased in cells expressing Arl4C and exogenous myc-FLNa-WT, although the increase in Cdc42 activation due to Arl4C expression was reduced in FLNa-knockdown cells ( Figure 7B ). These results suggest that FLNa has a role in Arl4C-induced Cdc42 activation.
We next examined the activation of Cdc42 and Rac1 in HeLa cells transfected with Arl4C and FLNa-WT, -A2, or -A10. Cdc42 activity reached a high level after cotransfection of Arl4C and FLNa-WT, whereas the amount of active Cdc42 decreased in cells expressing the FLNa-R22′-A2 and -A10 mutants ( Figure 7C ). These results indicate that the Arl4C-FLNa interaction plays a critical role in Cdc42 activation. Conversely, the amount of activated Rac1 remained unchanged in HeLa cells overexpressing Arl4C, suggesting that the Arl4C-FLNa interaction does not promote Rac1 activation ( Figure 7 , A and C). We further used a dominant-negative form of Cdc42, Cdc42 N17, to confirm whether enhanced Cdc42 activity by Arl4C-FLNa interaction is responsible for filopodium formation and cell migration. The expression of Cdc42 N17 reducing the number of filopodia and ability of cell migration was observed in HeLa cells overexpressing Arl4C (Figure 7 , D-F). These results indicate that the Arl4C-FLNa interaction affects cell motility through Cdc42 activation.
FGD6 is involved in Arl4C-induced Cdc42 activation
The activation of Cdc42 can be mediated by one of the Cdc42 GEFs, FGD6, which interacts with FLNa and thereby regulates FLNa-knockdown cells, enhanced migration ( Figure 6 , A and B), indicating that FLNa is critical for Arl4C-induced cell migration.
To ascertain the effect of FLNa-A2 and FLNa-A10 on migration capacity, FLNa in Arl4C-transfected HeLa cells was knocked down by FLNa siRNA, and the ability of FLNa-WT, -A2, and -A10 to rescue the lack of FLNa was examined. The results of wound-healing assays and their quantitative analysis are shown in Figure 6 , C and D. The reduction in migration ability due to FLNa knockdown was rescued by overexpressing FLNa-WT, whereas the cells overexpressing FLNa-A2 or FLNa-A10 showed less migration capability. In addition, the migration rescued by FLNa-A10 was much less than that by FLNa-A2 ( Figure 6 , C and D). The effect of FLNa mutants in cell motility was also performed in A549 cells, which has high expression of endogenous Arl4C, and the results were similar to those in HeLa cells (Figure 6, E and F) . Together our data indicated that the Arl4C-FLNa interaction is critical for Arl4C-induced cell migration.
Arl4C-FLNa interaction promotes filopodia formation and cell migration via Cdc42 activation
Among Rho GTPases, the archetypical family member Cdc42 has been known to affect filopodium formation, a process that is closely related to cell motility (Fernandez et al., 2013; Melendez et al., 2013) . Thus we tested whether the Arl4C-FLNa interaction promotes Cdc42 or Rac1 activation. A low level of active Cdc42 was detected in cell lysates from HeLa cells. However, Cdc42 activity increased when the cells were transfected with Arl4C, suggesting Interactions between Arl4C-Q72L and different FLNa R22 fragments were detected using yeast two-hybrid assays. Interaction between FLNa R22 and Arl4C-Q72L was used as a positive control, and interaction between FLNa R22 and lamin was used as a negative control. Total protein (20 µg) was loaded onto a 10-well gel to detect proteins. (C) Interaction between FLNa R22 mutants and Arl4C-WT was tested by a pull-down assay in HeLa cells. Arl4C immunoblotting results and total cell lysate (input) were used to verify the initial expression level. Equal amounts of GST beads were used in each experiment as verified by Coomassie Blue staining. Quantification of the Arl4C signal in pull-down assays was based on five biological replicates. Scatter plots represent mean ± SD. **, p < 0.001 (one-way ANOVA with a post hoc Dunnett's multiple comparison test).
FIGURE 3: Arl4C induces filopodium formation in a nucleotide-dependent manner. Immunofluorescence staining of Arl4C or pSG5 vector in HeLa cells transfected with the indicated plasmids. (A) Cells were stained for Arl4C (red), FLNa (green), and DAPI (blue). (B) Cells were stained for Arl4C (red), phalloidin (green), and DAPI (blue). (C) Cells were stained for Arl4C (red), fascin (green), and DAPI (blue). Scale bar = 10 µm. Histograms: The colocalization ratio of Arl4C and FLNa/F-actin/fascin at filopodia of 10 randomly chosen cells from each group were analyzed in each experiment, and statistical analyses were based on data from three independent experiments (total cells from three experiments = 30). Quantification of the number of filopodia per cell was from three independent experiments (total cells = 10). ND: not detected. Scatter plots represent mean ± SD. FIGURE 4: Arl4C induces filopodium formation in an FLNa-dependent manner. Representative immunofluorescence images of (A) untransfected and Arl4C-transfected A7 cells and (B) M2 cells untransfected, transfected with Arl4C, full-length FLNa, and cotransfected with full-length FLNa-WT, -A2, and -A10, and Arl4C. Cells were stained for FLNa, Arl4C, phalloidin, and DAPI, respectively. Scale bar = 5 µm. Histograms: The average filopodia length was determined as described in Materials and Methods. Ten randomly chosen cells from each group were analyzed in each experiment, and statistical analyses were based on data from three independent experiments (total cells from three experiments = 30). Quantification of number of filopodia per cell was from three independent experiments (total cells = 10). Scatter plots represent mean ± SD. *, p < 0.05, **, p < 0.005, ***, p < 0.001 (one-way ANOVA with a post hoc Dunnett's multiple comparison test).
pSG5 vector, the level of FGD6 associated with FLNa increased with Arl4C expression ( Figure 8B ). Although FGD6 was detected in FLNa-knockdown cells rescued by FLNa-WT, less FGD6, as well as Arl4C, was detected in cells rescued by FLNa-A10 ( Figure 8C ). We further investigated whether similar results could be found in A549 cells. We first observed the level of active Cdc42 decreased in A549 cells depleted of Arl4C. Overexpression of FGD6 in A549 cells, but not in Arl4C-depleted cells, increased the amount of active Cdc42 ( Figure 8D ). Depletion of Arl4C in A549 cells reduced the FLNa-FGD6 association ( Figure 8E) . Furthermore, the association of Cdc42-dependent cell adhesion and podosome formation (Steenblock et al., 2014) . Accordingly, we examined whether FGD6 is involved in Arl4C-FLNa interaction-dependent Cdc42 activation. The level of active Cdc42 increased in HeLa cells coexpressing Cdc42 and Arl4C was observed. However, knockdown of FGD6 in cells expressing Arl4C reduced the amount of active Cdc42 ( Figure  8A ). We further examined whether Arl4C interacting with FLNa affects FGD6-FLNa association to promote Cdc42 activation using immunoprecipitation of FLNa to detect the level of FGD6 in HeLa cells transfected with Arl4C. Compared to cells transfected with FIGURE 5: Arl4C affects cell migration in a GTP-dependent and GTP/GDP cycling-dependent manner. (A) Representative images of wound-healing assays. HeLa cells transfected with the indicated plasmids for 24 h were subjected to wound-healing migration assays. Migration ability was determined by calculating the change in uncovered area between 0 and 24 h using Metamorph software. Scale bar = 45 µm. (B) Western blot analysis of cell lysates from HeLa cells transfected with the indicated plasmids. Total protein (20 µg) was loaded onto a 10-well gel to detect proteins. (C) Representative images of wound-healing assays. HeLa cells transfected with a control or Arl4C-specific siRNA for 48 h were subjected to wound-healing migration assays. Migration ability was determined by calculating the change in uncovered area between 0 and 18 h using Metamorph software. Scale bar = 45 µm. (D) Q-PCR analysis of mRNA expression of Arl4C in HeLa cells transfected with the indicated siRNAs. GAPDH was used as an internal control. (E) Representative images of wound-healing assays. A549 cells transfected with control siRNA or Arl4C siRNA for 48 h and Arl4C-rescued clone were subjected to wound-healing migration assay. Migration ability was determined by calculating the change in uncovered area between 0 and 16 h using Metamorph software. Scale bar = 45 µm. (F) Western blot analysis of cell lysates from A549 cells transfected with the indicated siRNA or plasmids. Total protein (20 µg) was loaded onto a 10-well gel to detect proteins. The percentages of Arl4C after siRNA treatment are 18.4% ± 0.9%. Histograms in A and E: Quantification of wound-healing migration assays was based on three biological replicates. Scatter plots represent mean ± SD. **, p < 0.005, ***, p < 0.001 (one-way ANOVA with a post hoc Dunnett's multiple comparison test). Histograms in C and D: Quantification of wound-healing migration assays was based on three biological replicates. Scatter plots represent mean ± SD. **, p < 0.005, ***, p < 0.001 (two-tailed Student's t test). Figure 8F ). This result suggests that binding of Arl4C to FLNa may affect the association of FLNa-FGD6. We also showed that no nonspecific binding of Arl4C proteins to IgG and protein G beads was observed in coimmunoprecipitation experiments (Supplemental Figure S1 ). Taken together, our results suggest that FGD6 is involved in the Arl4C-FLNa interaction-mediated Cdc42 activation.
Next the role of FGD6 in filopodium formation and cell migration was examined. Filopodia were induced in Arl4C-transfected HeLa cells ( Figure 9A , top panels), whereas depletion of FGD6 decreased filopodia in cells expressing Arl4C ( Figure 9A, bottom panels) . Furthermore, depletion of endogenous FGD6 down-regulated cell motility in Arl4C-expressing cells, whereas migration was restored by expression of siRNA-resistant FGD6 (Figure 9 , B and C). These results suggest that FGD6 is involved in Arl4C-induced filopodium formation and cell migration.
DISCUSSION
In this study, we identified FLNa as a novel effector of Arl4C and showed that binding between Arl4C and FLNa modulates the formation of filopodia and cell migration. Arl4C expression in FLNadeficient or FLNa-knockdown cells failed to promote filopodium formation and migration, and the Arl4C-FLNa interaction promoted Cdc42 activation by increasing the association of Cdc42-GEF FGD6 with FLNa. Arl4C expression has been reported to promote tumorigenesis, with its knockdown decreasing the migration ability of human colorectal and lung cancer cell lines Matsumoto et al., 2014) . The present study provides an understanding of the mechanism of Alr4C-FLNa function in filopodium formation and cell migration.
FLNa also plays a key role in tumorigenesis as well as the metastatic progression of prostate cancer, ovarian cancer, and gastric carcinoma (Bourguignon et al., 2007; Bedolla et al., 2009; Sun et al., 2014) . Deficiency of FLNa in cancer cells significantly decreases their migration and invasion (Jiang et al., 2013) ; similarly, we also found that migration decreased and filopodia disappeared in Arl4C-transfected HeLa or A7 cells with FLNa knockdown. Conversely, FLNa-deficient M2 cells were able to form filopodia after coexpression of FLNa and Arl4C. Notably, migration regulated by Arl4C and FLNa may involve the same pathway, as overexpression of Arl4C in FLNa-knockdown HeLa cells also down-regulated migration.
FLNa has been reported to interact with more than 70 proteins with broad functional diversity, and this protein may function as an important signaling scaffold by connecting and coordinating a large variety of cellular processes in dynamic regulation of the actin cytoskeleton. Most of its interaction partners associate with FLNa at its C-terminal region (Zhou et al., 2010; Nakamura et al., 2011) , and consistent with this, Arl4C also bound to the C-terminal IgG repeat 22 of FLNa. Indeed, mutations in the IgG repeat 22 domain resulted in the loss of the ability to interact with active Arl4C, indicating that those residues are important for the Arl4C-FLNa interaction. However, we cannot rule out the possibility that the mutated residues can cause the destabilization of the structure of R22, rather than the elimination of residues required for the direct interaction with Arl4C. Furthermore, an FLNa mutant deficient in Arl4C binding (FLNa-A10) failed to rescue filopodium formation and cell migration in FLNa-knockdown HeLa cells. These observations support the notion that active Arl4C binding to FLNa IgG repeat 22 modulates the FLNa signaling scaffold to dynamically regulate the actin cytoskeleton. Matsumoto et al. (2014) reported that cell migration promoted by Arl4C expression is regulated by a combination of Wnt/b-catenin and EGF/Ras signaling. Rac1 and Cdc42 are believed to modulate actin polymerization to form peripheral lamellipodia and filopodium protrusions, respectively. Our study demonstrated that the regulation of filopodium formation and migration by the Arl4C-FLNa interaction occurs by promoting the activation of Cdc42, but not Rac1. Although Rac1 had been reported to be involved in modulating cell migration, it plays a slightly different role from Cdc42 in triggering actin-based structural alterations. In fact, Rac1 is mainly required for lamellipodium formation and the induction of membrane ruffles (Nobes and Hall, 1995; Ridley et al., 1999) . Moreover, we found that Cdc42 was strongly recruited to the plasma membrane and colocalized with Arl4C in HeLa cells. A similar observation was also reported in another study, whereby Cdc42 was found to accumulate at the leading edge of migrating cells (Osmani et al., 2010) .
Several studies have reported that activation of Cdc42 promotes filopodium formation in spinal cord neurons, endothelial cells, and fibroblasts (Brown et al., 2000; Krugmann et al., 2001; Fantin et al., 2015) ; nonetheless, the molecular mechanism for regulating Cdc42 activity has remained unclear. FGD family members are known to serve as GEFs for Cdc42 activation. In addition to well-known FGD1, FGD6, with high homology to FGD1, is also a Cdc42 GEF. It is reported that FGD6 plays an essential role in osteoclasts by regulating assembly of different actin-based protein networks and activating Cdc42 at different sites. Intracellular signal transduction relies on specific proteinprotein interactions to provide accurate protein recruitment and precise subcellular localization; consistent with this notion, our study revealed that the Arl4C-FLNa interaction increased the association of Cdc42-GEF FGD6 with FLNa, which may promote Cdc42 activation. However, different from FGD1, our results demonstrated that FGD6 associated with FLNa may play a role upstream of Cdc42 signaling. Filamin-A has been reported to bind to over 70 proteins, mostly via the same C-terminal region as we report to interact with Arl4C. Whether other FLNa-interacting proteins are affected by the Arl4C-FLNa interaction needs to be further investigated. Pull-down assays were performed on HeLa cells transiently transfected with (A) Arl4C-WT and myc-FLNa-WT; (B) Arl4C-WT and FLNa siRNA (the percentage of FLNa after siRNA treatment is 18.4 ± 0.3%); and (C) Arl4C-WT, myc-FLNa-WT, myc-FLNa-A2, and myc-FLNa-A10. Cell lyses followed by pull-down assays were used to examine the cells coexpressing the indicated plasmids. Purified GST fused to PAK1-PBD was incubated with lysates prepared from untransfected and transfected HeLa cells. Interacting proteins bound to the GST beads were analyzed by immunoblotting using the indicated antibodies. SDS-PAGE analysis of total cell lysates and expression of Cdc42, myc-FLNa, and Arl4C (input) by immunoblotting were used to verify the initial expression level. Equal amounts of GST beads were used in each experiment as shown by Coomassie Blue staining. (n = 3) Histograms in A-C: Quantification of activity by pull-down assays was based on three biological replicates. Scatter plots bit; A-11034 for Alexa Fluor 488-rabbit; A-11001 for Alexa Fluor 488-mouse; A-11032 for Alexa Fluor 594-mouse; Grand Island, NY)
Cell cultures
Human cervical carcinoma HeLa cells were purchased from the American Type Culture Collection (Manassas, VA). Human lung epithelial carcinoma A549 cells were kindly provided by Chia-Jung Yu (Chang Gung University, Taoyuan City, Taiwan). Both HeLa cells and A549 cells were cultured in high-glucose DMEM (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (Li et al., 2007) . The FLNa-deficient human melanoma cell line M2 and isogenic FLNa + cell line A7 (kindly provided by J. Hartwig, Harvard Medical School, Boston, MA) were cultured in α-minimal essential medium supplemented with 8% newborn calf serum and 2% fetal calf serum (HyClone). All cells were maintained at 37°C under an atmosphere containing 5% CO 2 . M2 and A7 cells were used at passages 4-10.
Transfection
Cells were transiently transfected with the described plasmids or siRNA using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. All siRNAs were purchased from Dharmacon (GE Healthcare Life Sciences). The specific siRNAs used were as follows: Arl4C: GUGGUGACAUGUUCAGAUU; FGD6: GAAGGGACCGGUUUUAUAA; FLNa: GAAUGGCGUUUAC-CUGAUU. Cells were harvested at 24 and 48 h after transfection with DNA and siRNA, respectively.
Plasmid construction
cDNAs corresponding to Arl4A/C/D and their various mutants were cloned into the mammalian expression vector pSG5 (Stratagene, La Jolla, CA), which was also used for expressing untagged Arl4C. The cDNAs were also subcloned into the mammalian expression vector pcDNA 3.1 (Invitrogen) or the bacterial expression vector pET15b (Novagen, Madison, WI) and pBTM116 to obtain myc-tagged, Histagged, or LexA-tagged Arl4 A/C/D and their various mutants. pcDNA 3.1 harboring FLNa-myc was provided by Jeffrey J.Y. Yen (Academia Sinica, Taipei, Taiwan). Partial FLNa DNA fragments were amplified by PCR using syntactic oligonucleotide primers containing restriction enzyme sites. The PCR products were cloned into pACT2, pGEX, and pcDNA 3.0 vectors for transfection. The constructs were confirmed by DNA sequencing.
Total protein extraction and immunoblotting analysis
Total proteins were extracted as described elsewhere (Li et al., 2007) . Briefly, transfected cells were harvested, washed, and lysed. After centrifugation, the supernatants were collected and the Studies to date have shown that Arl4 subfamily members are involved in vesicle trafficking (Engel et al., 2004; Wei et al., 2009; Lin et al., 2011) , organelle structure (Lin et al., 2011; Li et al., 2012) , and cytoskeleton organization, similar to the main functions of most Arfs (Donaldson and Jackson, 2011) . All Arl4 subfamily members are reported to be actin cytoskeleton regulators (Li et al., 2007; Patel et al., 2011; Matsumoto et al., 2014) . Arl4A is implicated in Rac1 signaling via signaling through either cytohesin-2/ Arf6 or ELMO/DOCK180, and Arl4D functions upstream of Arf6 through cytohesin-2 GEF in actin organization. These studies demonstrate the cross-talk between Arl4s and the Rho and Arf GTPase pathways.
In conclusion, we demonstrate that Arl4C, but not Arl4A or Arl4D, functions as a novel interacting partner of FLNa to modulate cell motility and the formation of filopodia. The interaction between Arl4C and FLNa occurs in a GTP-dependent manner and regulates filopodium formation and cell migration through Cdc42 ( Figure 8D ). We conclude that the Arl4C-FLNa interaction promotes Cdc42 activation, which may be through the recruitment of the Cdc42 GEF FGD6. Although we cannot rule out the possibility that Arl4C may be involved in additional signaling pathways, Arl4 proteins appear to act in a specific signaling pathway to orchestrate and fine-tune signal transduction by providing multiple points of integration and to coordinate the action of multiple effectors to control complex cellular processes.
MATERIALS AND METHODS Antibodies
The preparation of polyclonal antibodies against Arl4A/C/D was described previously (Li et al., 2007) . The following primary antibodies were used: anti-FLNa (1:1000, catalogue MAB1678; Millipore, Billerica, MA), anti-alpha tubulin (1:5000, catalogue T5168; Sigma, St. Louis, MO), anti-fascin (1:100, catalogue MAB3582; Millipore), anti-FGD6 (1:200, SC-167891; Santa Cruz Biotechnology, Santa Cruz, CA), anti-Rac1 (1:1000, catalogue 05-389; Millipore), anti-Cdc42 (1:250, catalogue 610929; BD Biosciences, San Jose, CA), anti-myc (1:1000, catalogue MMS-150R; Covance, Princeton, NJ), anti-HA (1:1000, catalogue SC-7392; Santa Cruz Biotechnology), anti-LexA (1:1000, catalogue 5397-1; Clontech, Mountain View, CA), and antiphalloidin-594 and -488 (1:500, catalogue 8953 and 8878; Cell Signaling). 4',6-Diamidino-2-phenylindole (DAPI) solution was purchased from Millipore (1:5000, catalogue S7113). Horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse antibodies were purchased from GE Healthcare (1:5000, catalogue NA934V and NA931V; Waukesha, WI). Alexa Fluor 594-and 488-conjugated anti-rabbit or anti-mouse secondary antibodies were purchased from Invitrogen (1:500, catalogue A-11012 for Alexa Fluor 594-rabrepresent mean ± SD. *, p < 0.01, **, p < 0.005. (A) Two-tailed Student's t test. (B, C) One-way ANOVA with a post hoc Dunnett's multiple comparison test. (D) Representative images of HeLa cells transfected with indicated plasmids. Cells were stained with Arl4C (blue), Cdc42 N17 (green), and phalloidin (red). Scale bar = 10 µm. Histogram: The average filopodia length was determined as described in Materials and Methods. Ten randomly chosen cells from each group were analyzed in each experiment and statistical analyses were based on data from three independent experiments (total cells from three experiments = 30). Quantification of the number of filopodia per cell was from three independent experiments (total cells = 10). Scatter plots represent mean ± SD. ***, p < 0.001 (one-way ANOVA with a post hoc Dunnett's multiple comparison test). (E) Representative images of wound-healing assay of HeLa cells transfected with the vector and indicated plasmids. Scale bar = 45 µm. Migration ability was calculated by comparing the area of the wound between 0 and 18 h using Metamorph software. The migrated cells in a field were calculated using ImageJ software after 18 h of migration. Histogram: Quantification of migration assays was based on three biological replicates. Scatter plots represent mean ± SD. *, p < 0.05, ***, p < 0.001 (one-way ANOVA with a post hoc Dunnett's multiple comparison test). (F) Total protein (20 µg) was loaded onto a 10-well gel to detect proteins. Immunoblotting analyses were used to verify the level of protein expression in HeLa cells transfected with the indicated plasmids. 5% of the total cell lysate (input) was loaded. SDS-PAGE analysis was used to verify Arl4C, FLNa, and FGD6 expression and bound proteins. (C) HeLa cells were transiently transfected with FLNa siRNA, Arl4C, and full-length FLNa-WT, or -A10; interaction was verified by coimmunoprecipitation with anti-FLNa-conjugated protein G magnetic beads. To confirm the initial expression level, 2.5% of the total cell lysate (input) was loaded. SDS-PAGE analysis was used to verify Arl4C, FLNa, and FGD6 expression and bound proteins. (D) Pull-down assays with A549 cells coexpressing the indicated plasmids or siRNA were used to detect Cdc42 activation. Total cell lysates and equal amounts of GST beads were analyzed by Coomassie Blue staining. The expression of Cdc42, FGD6, Arl4C (input), and active Cdc42 was analyzed by immunoblotting. The percentage of Arl4C after siRNA treatment is 28.5 ± 0.6% and 29.7 ± 0.8%. (E) A549 cells were transiently transfected with FGD6 or Arl4C siRNA as indicated. The interaction was verified by coimmunoprecipitation with anti-FLNa-conjugated protein G magnetic beads. The percentage of Arl4C after siRNA treatment is 23.6 ± 1.3%. To confirm the initial expression level, 2.5% of the total cell lysate (input) was loaded. SDS-PAGE analysis was used to verify Arl4C, FLNa, and FGD6 expression and bound proteins. (F) A549 cells were transiently transfected with FLNa siRNA, full-length FLNa-WT, or -A10; interaction was verified by coimmunoprecipitation with anti-FLNa-conjugated protein G magnetic beads. To confirm the initial expression level, 2.5% of the total cell lysate (input) was loaded. SDS-PAGE analysis was used to verify Arl4C, FLNa, and FGD6 expression and bound proteins. Histograms in A and D: Quantification of activity by pull-down assays was based on three biological replicates. Scatter plots represent mean ± SD. *, p < 0.01, **, p < 0.005 (one-way ANOVA with a post hoc Dunnett's multiple comparison test). Histograms in B, C, D, and F: Quantification of co-IP assay or co-IP assay was based on three biological replicates. Scatter plots represent mean ± SD. *, p < 0.01, **, p < 0.005 (two-tailed Student's t test). GST beads were then washed five times with assay buffer. The proteins were eluted with protein-loading buffer and analyzed by immunoblotting.
Cdc42/Rac1 activity pull-down assay Cells transfected with indicated plasmid or siRNA were lysed in activity pull-down assay buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 10 mM MgCl 2 , and 5 mM DTT, and 1× protease inhibitor. A 50-μg sample of GST or GST-PAK-PBD was incubated with 1.75 mg cell lysate for at least 2 h at 4°C. The GST beads were then washed five times with assay buffer. The proteins were eluted with protein-loading buffer and analyzed by immunoblotting.
Immunofluorescence staining
The immunofluorescence staining procedure was performed as previously described (Li et al., 2007) . After staining, cells on coverslips were mounted in anti-fade reagent (90% glycerol in PBS containing 1 mg/ml p-phenylenediamine). Images were acquired using a Carl Zeiss LSM880 system with with Airyscan (Carl Zeiss MicroImaging, Jena, Germany). For determining colocalization at the filopodia, filopodia were defined as actin-rich finger-like protrusions crossing the cell edge and having fluorescence intensity at least 1.2-fold above background. Confocal images of filopodia were obtained with a Zeiss LSM880 Confocal Upright Microscope with Airyscan with Carl Zeiss objective alpha Plan-Apochromat 100×/1.46 oil DIC VIS-IR and 1.8× optical zoom using Zeiss Zen software according to the manufacturer's instructions. Zen digital imaging software (Zeiss) provides both microscopic image acquisition and processing as well as image data analysis and interpretation as evidenced in other published studies (Merriman et al., 2016; Sullivan et al., 2016; Yap et al., 2016) . Only Arl4C/FLNa, Arl4C/F-actin, Arl4C/fascin, or Arl4C/ Cdc42-EGFP double-positive cells were imaged for analysis. The procedure for quantitative colocalization of Arl4C/FLNa, Arl4C/Factin, Arl4C/fascin, or Arl4C/Cdc42-EGFP was done using the Zeiss Microscope Software ZEN 2 (Lu et al., 2012; Marg et al., 2012) and the colocalization coefficients were measured for quantifying colocalization. For each condition, double-positive fluorescence signals at filopodia were selected and reported as regions of interest. For determining each filopodium length, the tips of the filopodia to the internal and protruding parts on the cell body margin were measured. Each filopodium length was measured by using ImageJ software (National Institutes of Health) (Vignjevic et al., 2006) . Ten randomly chosen cells from each group were analyzed in each experiment. Ten filopodia in one cell were quantified for average filopodia length per cell. Three biological replicates were quantified for the average filopodia length from 10 cells in each examined group. For colocalization and filopodium length analyses, the number of total cells used for quantification for each condition is presented in the figure legends.
Migration assay
For wound-healing migration assays, cells were seeded in culture medium in six-well plates at a density of (8-10) × 10 5 cells per well. Confluent cells were scratched using a fine pipette tip, washed twice with medium, and observed using a time-lapse microscope (Axiovert 200M; Carl Zeiss MicroImaging) equipped with a temperature and CO 2 controller. The cell migration capacity was determined as described previously (Cunningham et al., 1992) using ImageJ or Metamorph software.
Transwell migration assays were performed as described previously (Steenblock et al., 2014) using the Boyden chamber assay protein concentration was determined using a Bio-Rad protein assay kit (Hercules, CA). The proteins in the lysates were separated by 7.5% or 12.5% SDS-PAGE and transferred to Immobilon-P membranes (Millipore). The membranes were blocked for 1 h at room temperature in PBST buffer (0.1% Tween 20 in phosphatebuffered saline [PBS] ) containing 5% skim milk powder or bovine serum albumin and then incubated overnight at 4°C in blocking buffer containing appropriately diluted primary antibodies. The membranes were subsequently washed three times in PBST and then incubated in PBST containing an horseradish peroxidaseconjugated secondary antibody (1:5000). After washing, the membranes were developed using enhanced chemiluminescence (Millipore). α-Tubulin was used as an internal control for protein loading.
Total RNA isolation, reverse transcription, and Q-PCR Total RNAs were extracted using Trizol reagent (Invitrogen). Reverse transcription was performed using a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA) with a total of 2 μg RNA. The cDNAs were used for quantitative PCR (Q-PCR) with the TaqMan system (Applied Biosystems, Foster City, CA) and Arl4C primer/probe; the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization.
Yeast two-hybrid screen
A yeast two-hybrid screen was performed as described previously . In brief, Saccharomyces cerevisiae strain L40 (MATα trp1 leu2 his3 LYS::(lexAop)4-HIS3 URA3::(lexAop)8-lacZ) was transformed with LexA-expressing pBTM116 carrying Arl4A/ C/D (Lin et al., 2000; Li et al., 2007) . A human fetal brain cDNA library in pACT2 (Clontech) was screened using Arl4C-Q72L as the bait. Colonies exhibiting histidine auxotrophy were patched onto selective plates and assayed for β-galactosidase activity using a colony-lift filter assay.
Yeast protein extraction
Yeast cells were harvested after 5 d of culture. Yeast protein extraction was performed as described previously (Su et al., 2015) and the extracted proteins were used for further analysis.
Coimmunoprecipitation
HeLa cells in 10-cm dishes were transiently transfected with 6 μg pSG5-Arl4C WT, 7.2 μg pSG5-Arl4C Q72L, 15 μg pSG5-Arl4C T44N, or 15 μg pSG5 vector using Lipofectamine 2000 transfection reagent. After 16 h of transfection, the cells were lysed with immunoprecipitation (IP) buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% NP-40; 1× protease inhibitor cocktail); the lysate was then centrifuged for 10 min at 14,000 × g at 4°C. The supernatants were incubated with protein G magnetic beads (catalogue: LSK-MAGG10; Millipore) conjugated with 1 μl of anti-FLNa antibody for 3 h at 4°C using end-over-end agitation and then washed five times with IP buffer. The coimmunoprecipitated proteins were boiled after adding 30 μl 4× protein-loading buffer and analyzed by immunoblotting.
GST pull-down assay
HeLa cells transfected with Arl4A/C/D and their mutants were lysed in pull-down assay buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 5 mM dithiothreitol (DTT), and 1× protease inhibitor. An 80-μg sample of GST or GST-FLNa R22′ was incubated with 1 mg cell lysate for at least 2 h at 4°C. The method, with minor modifications. The lower surface of membranes of the transwell device (8-μm pore size, Corning, Union City, CA) was precoated with fibronectin (50 μg/ml diluted in PBS) at room temperature for at least 45 min. Cells were serum starved for 16 h before seeding into the upper chamber. The migrated cells were stained with 1% crystal violet and counted using a phase-contrast microscope (Eclipse TS-100; Nikon, Melville, NY) equipped with a digital camera (DS-5M, Nikon).
Statistical analysis
All data are presented as the mean ± SD. A one-way analysis of variance (ANOVA) with a post hoc Dunnett's multiple comparison test or two-tailed Student's t test was used to analyze differences between each group. All statistical analyses were based on data from independent experiments performed in triplicate. Representative experiments are shown.
